With advancements in biomarkers and momentum in precision medicine, biomarker-guided trials such as basket trials and umbrella trials have been developed under the master protocol framework. A master protocol refers to a single, overarching design developed to evaluate multiple hypotheses with the general goal of improving the efficiency of trial evaluation. One type of master protocol is the basket trial, in which a targeted therapy is evaluated for multiple diseases that share common molecular alterations or risk factors that may help predict whether the patients will respond to the given therapy. Another variant of a master protocol is the umbrella trial, in which multiple targeted therapies are evaluated for a single disease that is stratified into multiple subgroups based on different molecular or other predictive risk factors. Both designs follow the core principle of precision medicine-to tailor intervention strategies based on the patient's risk factor(s) that can help predict whether they will respond to a specific treatment. There have been increasing numbers of basket and umbrella trials, but they are still poorly understood. This article reviews common characteristics of basket and umbrella trials, key trials and recent US Food and Drug Administration approvals for precision oncology, and important considerations for clinical readers when critically evaluating future publications on basket trials and umbrella trials and for researchers when designing these clinical trials. CA Cancer J Clin 2020;0:1-13.
Introduction
With increasing advancements in genomics, there has been growing interest in precision-based medicine, which aims to improve the treatment of disease by identifying therapies that can specifically affect disease targets based on their genetic make-up (ie, targeted therapies). [1] [2] [3] [4] [5] In the United States, there is important momentum toward the implementation of precision medicine. In May 2018, the National Institutes of Health launched their "All of Us" Initiative, which aims to gather demographic and biological data from at least one million people living in the United States to be used for precision care in oncology and other areas of medicine. 6 In the United Kingdom, the National Health Service's 2019 Long-Term Plan shows momentum specifically toward realizing precision oncology. 7 The National Health Service is currently preparing to offer whole genomic sequencing to all children with cancer and to fast-track the introduction of personalized treatments based on patients' genetic alterations. 7 With these rising interests and efforts toward precision care, it is vital to recognize the importance of biomarkers and how they are used to develop targeted therapies in clinical research. [8] [9] [10] Notable methodological advancements that have recently been made toward biomarker-guided clinical trials include the development of basket and umbrella design trials under the master protocol framework. [11] [12] [13] [14] [15] [16] [17] [18] [19] A master protocol refers to a single, overarching design developed to evaluate multiple hypotheses with the general goal of improving efficiency through standardized trial procedures. [11] [12] [13] [14] Two types of master protocols are basket and umbrella trials. Basket trials refer to designs in which a targeted therapy is evaluated for multiple diseases that share common molecular alterations, and umbrella trials refer to designs in which multiple targeted therapies are evaluated for a single disease that is stratified into multiple subgroups. [11] [12] [13] [14] The US Food and Drug Administration (FDA) released its draft guidance document outlining recommendations for basket trials and umbrella trials on September 2018, highlighting their support for a wider dissemination of these master protocols. 12 A recent landscape analysis using a comprehensive literature search has found a rapidly increasing number of these master protocols, as the number increased from 2 (a basket trial and an umbrella trial) to 67 (49 basket trials and 18 umbrella trials) over 10 years between 2009 and 2019. 13 Despite these rapidly increasing numbers of basket and umbrella trials, currently, they are still poorly understood. 14 Most basket and umbrella trials have been conducted in oncology and were led by investigators from the US National Cancer Institute (NCI), industry, and contract research organizations. 13, 14 Understanding of basket and umbrella trials is not widespread among clinicians and researchers outside of the NCI and the private sector. With increasing numbers of basket and umbrella trials being conducted, it is critical to improve the literacy of these research approaches, thus motivating the current article. Herein, we outline and discuss common characteristics of basket and umbrella trials, key precision oncology trials, recent key regulatory FDA approvals in precision oncology, and key considerations that clinicians should make when reading these basket and umbrella trial publications.
Introduction to Basket and Umbrella Trials
Illustrative examples of basket and umbrella trials are provided in Figures 1 and 2 , respectively. Basket trials are prospective clinical trials that test one or more targeted interventions across multiple types of diseases. 11, 14, 15, 20 In basket trials, there are unifying eligibility criteria that combine patients with different diseases (eg, multihistological cancers) into a single trial. These unifying eligibility criteria usually are based on a patient's predictive risk factor. The predictive risk factor is generally based on the intervention's mechanism of action because it can help predict whether the patient will respond to a specific intervention. For instance, Li et al recently conducted a phase 2 basket trial that evaluated whether ado-trastuzumab emtasine could achieve an antitumor response in HER2 (human epidermal growth factor receptor 2)-amplified or HER2-mutant cancers of multiple histologies (clinicaltrials.gov identifier NCT02675829). 21, 22 Ado-trastuzumab emtasine, which is an FDA-approved drug for HER2-positive metastatic breast cancer, 23, 24 was hypothesized to produce an antitumor response in HER2-amplified or HER2-mutant cancers regardless of their histology based on its biological mechanistic pathway. 22 In their basket trial, Li et al used HER2 amplification or mutation in advanced lung, endometrial, salivary gland, biliary tract, ovarian, bladder, colorectal, and other cancers as a common eligibility criterion to evaluate the role of this HER2-targeting drug. 21 In other words, HER2 amplification or mutation was the common predictive biomarker risk factor that was hypothesized to predict whether patients who had different histological types of cancers would respond to this targeted therapy for HER2-positive disease.
Umbrella trials, conversely, are prospective clinical trials that test multiple targeted interventions for a single disease based on predictive biomarkers or other predictive patient risk factors. 11, 13, 14, 19, 25 In umbrella trials, a single disease (eg, advanced breast cancer) is stratified into multiple subgroups, with eligibility for each intervention arm defined by the intervention's mechanism of action. For example, plasmaMATCH is an umbrella trial that evaluated 5 different therapies for advanced breast cancer. The therapies were stratified as 5 treatment groups based on their molecular signatures (clinicaltrials.gov identifier NCT03182634). 26, 27 These 5 subgroups included patients who had breast cancer with an ESR1 (estrogen receptor gene 1) mutation (group A), an HER2 mutation (group B), an AKT (serine/ threonine-specific protein kinase B) mutation (group C), AKT activation (group D), or triple-negative status (group E). 26, 27 Patients with ESR1 mutations in group A received an extended dose of the estrogen receptor downregulator fulvestrant (500 mg every 2 weeks). [26] [27] [28] Patients with HER2 mutations in group B received an HER tyrosine kinase inhibitor (neratinib) and also received fulvestrant if they had an estrogen receptor co-mutation. 26, 27, 29 Patients with AKT mutations in group C received the AKT inhibitor AZD5364 plus fulvestrant, whereas patients with AKT activation in group D received AZD5364 only. 27 For group E, patients with triple-negative breast cancer received the poly(ADP-ribose) polymerase inhibitor olaparib plus AZD5364. 26, 27, 30 In that umbrella trial, multiple biomarker assays were applied to a single tumor histology, and patients were assigned to 1 of the 5 
Characteristics of Basket and Umbrella Trials: Eligibility Criteria, Patient Subgroups, Intervention Assignment, and Choice in a Control Group
There are important similarities and differences between basket and umbrella trials that should be noted in terms of their eligibility criteria, patient subgrouping, and intervention assignment (Table 1 ). In both basket and umbrella trials, a common screening protocol is used to determine whether the patient is eligible. The majority of basket and umbrella trials conducted so far come from oncology and have been biomarker-guided, so it is important to note that there was a common molecular screening protocol with standardized biomarker assays in these biomarker-guided trials. 14 Patients enrolled in a basket trial will represent multiple diseases with a common, unifying predictive risk factor; and, in umbrella trials, patients with a common disease (a single disease) will be recruited and enrolled. 14 Umbrella trials have an inherent key methodological characteristic of using multiple predictive risk factors to determine patient subgroups. Naturally, the use of patient subgroups is more common in these trials. In basket trials, patient subgroups may be defined based on their disease subtypes given that the disease subtype is often a prognostic factor; however, because patients with multiple disease types are recruited into a common cohort, "unification of diseases" is a more appropriate way to describe the inherent nature of basket trials. These patient grouping strategies are important to highlight because they are used to determine the types of patients that are recruited and how patients with different predictive risk factors are allocated to different interventions in basket and umbrella trials. Although it is common for basket trials to have a targeted, single intervention based on a common unifying predictive risk factor, it is possible for basket trials to have more than one targeted intervention. However, even in multiarm basket trials, it is important to note that the clinical utilities of these interventions are usually assessed separately for each intervention. Umbrella trials all have multiple targeted interventions (ie, more than one intervention), and, like basket trials, the clinical utilities of these interventions are usually assessed separately.
For both basket trials and umbrella trials, they may be conducted with or without a control group (ie, randomized vs single-arm nonrandomized designs). A landscape analysis recently showed that it is more common for umbrella trials to use a control group (n = 8 of 18 trials; 44.4%) than basket trials (n = 5 of 49 trials; 10.2%). 13 For umbrella trials, the control group may be placebo if there is no established care, or the existing standard of care for the disease being studied may be used for all of the subgroups. Determining the control group can be more difficult for basket trials because there are multiple diseases being studied. If there is no established care for all diseases being studied, the placebo may be used as the control group; if the diseases being studied in the basket trials have different standards of care, it is possible that there may be different care being provided in the common control group. Of the 4 randomized basket trials that used a control group, 2 of them received no therapy (eg, saline injection) or placebo ( 
Basket and Umbrella Trials Versus Other Biomarker-Guided Trials
Basket and umbrella trials share many similarities with other nonmaster protocol biomarker-guided trials, but there are key differences that should be noted. In accord with other biomarker-guided trials, the aim of basket and umbrella trial approaches is to use genomics and other "omic" technologies to define disease and eligibility criteria for improved characterization and identification of predictive biomarkers and targeted therapies. The use of a single master protocol with standardized operating procedures is a key difference from other types of nonmaster protocol biomarker-guided trials. Under the master protocol framework, basket and umbrella trials usually establish a large trial network and a common infrastructure established across and through multiple institutions. Between these institutions, standardized operating procedures, including a common screening mechanism, are instituted for patient identification. Adopting a common molecular screening mechanism under a master protocol can help achieve screening efficiency for biomarker-guided trials.
In basket trials, multiple cancers of different histopathologies are recruited into a single cohort when these cancers have common molecular alteration(s). Basket trials try to aim to identify histology-agnostic therapies. Traditionally, it is not uncommon for phase 1 cancer clinical trials to recruit multiple different types of histopathologies to test for the existence of signal, but basket trials and their histologyagnostic approaches are now being considered for phase 2 and even some phase 3 evaluations. 13 In umbrella trials, multiple histology-dependent targeted therapies are evaluated for multiple subgroups of single histopathology that are molecularly differentiated through common screening mechanism. Screening for given biomarker(s) is an important consideration for biomarker-guided trials, as the number of patients required for the enrollment target ultimately will depend on the biomarker prevalence of interest. For example, if the group of interest is patients who have advanced breast cancer with an ESR1 mutation, as in the case of aforementioned umbrella trial example of plasmaMATCH, the number of patients that will need to be screened will dependent on the biomarker prevalence of interest. If we assume that 10% of patients with advanced breast cancer will have an ESR1 mutation, an expected 1000 patients will need to be screened to reach the recruitment target size of 100 patients. Of course, umbrella trials (eg, plasmaMATCH) could be conducted as multiple, independent trials for each of the molecular subgroups of interest; however, it is important to note that conducting these trials independently would require a much larger number of patients that would need to be screened collectively.
Key Basket and Umbrella Trials in Precision Oncology

NCI Molecular Analysis for Therapy Choice
The NCI-MATCH Trial (the NCI's Molecular Analysis for Therapy Choice) is a phase 2 basket trial for patients with advanced refractory solid tumors, lymphomas, or multiple myeloma who have progressed on their previous treatment. This trial started in 2015 with an overall goal of evaluating tumor-agnostic approaches in treatment selection by matching targeted therapies based on genetic make-up across multiple tumors. As a nonrandomized trial, NCI-MATCH would assign a specific, targeted therapy for each of the molecular subgroups, where 31 patients would be enrolled to each group and assessed for their objective response (OR); if a targeted therapy shows an OR ≥16% (n ≥ 5 of 31), then the protocol has specified that targeted therapy would be deemed promising and worthy of further testing. 35 According to clinicaltrials.gov (identifier NCT02465060), as of November 22, 2019, there are 37 molecular subgroups that either already have been tested or currently are being tested.
NCI Molecular Profiling-Based Assignment of Cancer Therapy
NCI-MPACT (the NCI's Molecular Profiling-Based Assignment of Cancer Therapy) is another basket trial that aims to test tumor-agnostic approaches in targeted treatment selection. 36, 37 NCI-MPACT is a phase 2 randomized clinical trial for patients with advanced refractory solid tumors. In this basket trial, 20 genes belonging to 3 pathways of RAS/RAF/MEK (5 genes), PI3K/mTOR/AKT (5 genes), and DNA repair (10 genes) are being evaluated as treatment selection approaches of 4 potential targeted therapies. 36, 37 For the RAS pathway, trametinib (an MEK inhibitor) is being evaluated as a targeted therapy; everolimus (an mTOR inhibitor) is being evaluated for the PI3K pathway; and, for the DNA repair pathway, 2 regimens of veliparib (a poly[ADP-ribose] polymerase inhibitor) plus temozolomide (an alkylating agent) and adavosertib (a tyrosine kinase WEE1 inhibitor) plus carboplatin are being evaluated. 38 For each regimen, patients harboring the corresponding genetic mutations are being randomized 2:1 into the targeted therapy or a different therapy that does not target the respective genetic pathway. 38 The target recruitment is 180 evaluable patients (120 to experimental intervention and 60 to control), for 88% statistical power with a 4% one-sided type I error rate to detect an overall difference of 20% versus 5% for objective response outcome and 90% statistical power and a 1% one-sided type I error rate for an 80% increase in median progression-free survival. 38 This trial has been ongoing since 2013 and is expected to finish by May 2020 (clinicaltrials. gov identifier NCT01827384).
Lung Cancer Master Protocol
Lung-MAP (Lung Cancer Master Protocol) is an umbrella trial for patients with advanced squamous non-small-cell lung cancer (NSCLC) that started in June 2014 with 5 substudies (S1400; Biomarker-Targeted Second-Line Therapy in Treating Patients With Recurrent Stage IV Squamous Cell Lung Cancer, clinicaltrials.gov identifier NCT02154490). 39 Initially, patients were assigned to the first sub-study (S1400A) and received durvalumab, an anti-PD-L1 (antiprogrammed cell death-ligand 1) monoclonal antibody, if their tumors did not have actionable molecular alterations of interest that were used to assign patients into the other biomarker-driven substudies. 40 The first sub-study was a single-arm, nonmatch study that did not involve investigation of a targeted therapy, whereas the other 4 sub-studies were biomarker-driven and investigated targeted therapies with 2-arm, seamless phase 2 and 3 randomized clinical trial designs. 39, 40 The second substudy (S1400B), investigating the PI3K inhibitor taselisib, included patients with a PIK3CA mutation 41 ; the third substudy (S1400C), investigating the selective CDK4/CDK6 inhibitor palbociclib, included patients with CDK4, CCND1, CCND2, or CCND3 amplification 42 ; and the fourth substudy (S1400D) investigated AZD4547 (an FGFR inhibitor) among patients with FGFR1, FGFR2, or FGFR3 mutation, fusion, or amplification. 39 These 3 sub-studies used docetaxel as the control. 39 The fifth sub-study (S1400E) was designed to investigate rilotumumab versus erlotinib for patients with MET mutations, but it closed because of withdrawal by the manufacturer, who observed toxicity of rilotumumab from other independent phase 3 trials. 39 Lung-MAP later added 2 more nonmatch sub-studies (S1400F and S1400I) and 2 other biomarker-driven sub-studies (S1400G and S1400K) for patients with squamous NSCLC; and, on January 28, 2019, Lung-MAP was expanded to all histologic types of NSCLC under a new screening protocol (Lung-MAP: A Master Screening Protocol for Previously-Treated Non-Small-Cell Lung Cancer, NCT03851445) that aims to test other targeted and nontargeted therapies under a single master protocol. 43 
Adjuvant Lung Cancer Enrichment Marker Identification and Sequencing Trial
ALCHEMIST (the Adjuvant Lung Cancer Enrichment Marker Identification and Sequencing Trial) is an umbrella trial that started in August 2014 for patients with operable, early stage (Stage IB-IIIA) lung adenocarcinoma, which is a common histological subtype of nonsquamous NSCLC. 44 There are 4 subprotocols of ALCHEMIST: 1) ALCHEMIST Screening (A151216; clinicaltrials. gov identifier NCT02194738), 2) ALCHEMIST-EGFR (A081105; NCT02193282), 3) ALCHEMIST-ALK subprotocol (E4512; NCT02201992), and 4) ALCHEMIST-Immunotherapy Treatment Trial (ANVIL) (EA5142; NCT02595944).
ALCHEMIST Screening has been established for the centralized screening of patients with adenocarcinoma across the United States for a genomic analysis of EGFR mutations and ALK rearrangements. ALCHEMIST Screening will screen up to 8000 patients with adenocarcinoma before or after surgical resection, and, based on their genomic analysis, they will be assigned to other ALCHEMIST subprotocols. The patients with EGFR mutations will be assigned to the ALCHEMIST-EGFR subprotocol for an assessment of the clinical efficacy of tarceva (an EGFR inhibitor), and the patients with ALK rearrangements will be assigned to the ALCHEMIST-ALK subprotocol for an assessment of crizotinib (an ALK and ROS1 inhibitor). Finally, patients who do not have EGFR or ALK mutations will be assigned to the forth subprotocol ANVIL, studying nivolumab (a PD-L1 inhibitor). 45 These treatment trials are phase 3, randomized clinical trials with the primary endpoint of overall survival (OS). ALCHEMIST-EGFR and ALCHEMIST-ALK will use placebo as the control, and ANVIL will use an observation arm as the control. ALCHEMIST-EGFR plans to enroll 410 patients for 85% statistical power and a 5% one-sided type I error rate to detect an OS hazard ratio of 0.67; ALCHEMIST-ALK plans to enroll 378 patients for 80% statistical power and a 5% one-sided type I error rate for the same treatment effect size. 46 ANVIL, conversely, plans to recruit 714 patients to detect a 30% improvement in OS and/or a 33% reduction in disease-free survival favoring nivolumab. 45 Table 2 [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] highlights several of the key targeted precision oncology therapies that have been recently approved by the FDA. Currently, there are 3 FDA-approved tumor-agnostic therapies. These tumor-agnostic therapies have not been approved solely based on evidence generated from basket trials. However, it is important to note that the evidence used for these approvals closely followed the core assumption of basket trials: the unification of disease. For example, pembrolizumab, a programmed cell death protein 1 inhibitor, is the first tumor-agnostic therapy that received an accelerated approval from the FDA in March 2017 for adult and pediatric 47, 48 The patients across these trials had common unifying risk factors in the form of MSI-H and dMMR mutations. Larotrectinib, a tropomyosin kinase receptor (TRK) inhibitor, is the second tumor-agnostic therapy to be approved by the FDA. 50 On November 2018, the FDA granted an accelerated approval to larotrectinib for adult and pediatric patients with unresectable or metastatic solid tumors with neurotropic TRK fusion. 50 Larotrectinib was approved based on tumor response rates and duration observed from a pooled analysis of 55 [50] [51] [52] TRK fusions in these trials were identified by either next-generation sequencing or by fluorescence in situ hybridization according to the procedures and analytic pipelines established by each laboratory. 52 Entrectinib, a tyrosine kinase inhibitor (TKI) is the third tumor-agnostic therapy to receive an accelerated approval from the FDA on August 2019. 53 53, 54 Vemurafenib is another key FDA-approved targeted therapy for precision oncology. This BRAF kinase inhibitor was first approved in 2011 for the treatment of metastatic melanoma with BRAF V600 mutation. 58 Recently in November 2017, vemurafenib was approved for adult patients with Erdheim-Chester disease (ECD) who have BRAF V600 mutations, making it the first FDA-approved therapy for this rare blood cancer. 55 This approval was based on the results of VE-BASKET (A Study of Vemurafenib in Participants With BRAF V600 Mutation-Positive Cancers; clinicaltrials.gov identifier NCT01524978), a multicohort phase 2 basket trial with a nonrandomized design. 55 In VE-BASKET, patients who had nonmelanoma cancers with BRAF V600 mutations were enrolled in 7 cohorts, and the objective response rate was the primary outcome of the trial. 56 Patients with ECD (n = 22 of 26) and Langerhans cell histiocytosis (n = 4 of 26) who had BRAF mutations were enrolled in an "other solid tumor" cohort this basket trial. 57 An objective response rate of 54.5% (95% CI, 32.2%-76.6%) was observed among the enrolled patients who had ECD with BRAF mutations in this trial. 57 To our knowledge, no umbrella trials have led to FDA approvals currently (February 2020), and vemurafenib is the only targeted therapy that has been approved by the FDA using a basket trial design. This is not surprising because many basket and umbrella trials are currently ongoing, and they are largely exploratory in nature, highlighting how master protocol designs are at an early stage of development and adoption. 13 For these reasons, it is currently difficult to assess the successes and failures of these designs that have been used to date.
Key Recent FDA Approvals for Precision Oncology
Key Considerations for Basket and Umbrella Trials Biologic Plausibility
There are several key design considerations for basket and umbrella trials (Table 3) . First and foremost, it is important to consider the biological plausibility of the targeted intervention strategies being evaluated. Basket and umbrella trial designs have both been developed under the core principle of precision medicine, which aims to tailor medical intervention based on the patient's characteristics that make them more likely to respond to that intervention (ie, predictive risk factors). Therefore, the underlying biological plausibility assumption is critical for these trials because information on the diseases being studied and the treatment's mechanisms of actions will be used to derive targeted intervention strategies. For instance, it is common for cancers to have VOLUME 0 | NUMBER 0 | MONTH 2020 multiple genetic mutations; however, it is important to note that only some of these may be driver mutations for the carcinogenic process, and most mutations are passenger mutations that do not affect the underlying carcinogenic process. 59 Intervention strategies, of course, should be targeting driver mutations, but it can be difficult to differentiate driver mutations from passenger mutations. 59, 60 Careful consideration of the preclinical evidence and underlying biological models informing the targeted intervention strategies will need to be made for critical appraisals of both basket and umbrella trials.
Accuracy of Biomarker Assays
In addition to biomarker plausibility, it is critical to consider the accuracy of biomarker assays that are used in basket and umbrella trials. Conceptually, a targeted intervention should be more efficacious against diseases that demonstrate characteristics of the biomarker target versus diseases that do not possess the target. However, all medical tests will have some degree of diagnostic inaccuracy, so a proportion of biomarker false-negative and false-positive patients are expected in biomarker-guided basket and umbrella trials. It has been shown that increasing false-positive rates of biomarker tests will reduce the statistical power in early exploratory biomarker-guided trials; although it has not been a common practice, false-positive rates of biomarker tests should be incorporated into the planning of these biomarker-guided trials. 61 Careful considerations of the accuracy of biomarker assays are important for exploratory (ie, phase 2) basket and umbrella trials to improve the probability of selecting suitable candidates for further testing (ie, phase 3). 61 For basket trials, it is important that the accuracies of biomarker assays are similar between different tumor types.
Biospecimen Collection
Careful considerations for biospecimen collection procedures will be important, particularly for basket trials that involve multiple histological tumors. Ease of biospecimen collection, biospecimen quality, and biospecimen yield should be similar between different tumors. Outside of direct measures of test performance, appropriate biopsy yield can be challenging. 62 Even at high-throughput centers with skilled technicians, a yield as low as 70% for adequate lung adenocarcinoma molecular profiling by biopsy has been reported. 63 Advances in sampling methodologies and techniques such as liquid biopsy 64 may represent less invasive ways to investigate molecular profiling, but their test performance must be carefully considered against their benefits to patient experience, and the importance of histopathological examination should not be underestimated. 65 
Biomarker Prevalence
Patient recruitment and statistical power are critical for any clinical trials. 66 Thus, it is important to consider the prevalence of biomarkers that will be used in both basket and umbrella trials because the biomarker prevalence will affect the size of the patient pool eligible for these biomarker-guided trials. A low biomarker prevalence would translate into a small pool of eligible patients, and a high prevalence would translate into a larger patient pool. If the biomarker prevalence is low for basket trials, there may be serious recruitment challenges in that it may not be feasible to recruit the planned sample size within the planned duration of the trial. Similarly, if the biomarker prevalence is low in one or more arms in umbrella trials, it will be difficult to recruit patients harboring the specific mutation for the intervention arm(s). Planning for comprehensive recruitment strategies to reach the target sample size within the trial duration therefore will be especially vital for biomarkerguided basket and umbrella trials in which the prevalence of biomarker-positive patients is low.
Sample Sizes and Assumptions
As with all types of clinical trials, sample size considerations are important for basket and umbrella trials. The sample size for a given basket or umbrella trial will depend on its clinical phase. Sample size requirements for exploratory (phase 2) trials are smaller than those for confirmatory (phase 3) trials because exploratory trials act as a screening tool to assess whether an intervention warrants further investigation. 67 In exploratory trials, single-arm designs without a control arm (nonrandomized design, phase 2A) or randomized designs (phase 2B) may be used. 61, 67 For single-arm designs, the FDA recommends that the planned sample size should be sufficient to rule out a clinically unimportant treatment effect in nonrandomized designs, and they recommend designs such as the Simon 2-stage design to limit exposure to an ineffective intervention. 12, 68 For basket trials, sample size calculations may be done for the overall cohort that consists of multiple diseases. If this is the case, one treatment effect size will be used as an input for the sample size calculation. That is, the underlying assumption of the common predictive risk factor being used for the unification of diseases in a given basket trial must be valid. For instance, if the targeted therapy being studied in a multihistology basket trial has different treatment effects between different tumors (eg, the treatment only works well in one tumor), then the clinical efficacy of the therapy may be underestimated because the overall treatment effect observed may be diluted due to nonresponding tumors that were included in the trial. In basket trials that show nonpromising results overall, it can be difficult to determine whether and which disease subtype(s) may respond to the therapy being studied because they are subgroups.
The sample size calculations for umbrella trials, conversely, may be done for each of the subgroups because there are multiple targeted interventions being evaluated in umbrella trials. If possible, the FDA has recommended the use of a common control arm for umbrella trials. 12 Regardless, similar to basket trials, the assumptions that the risk factors being used are predictive are also critical for umbrella trials. For example, if a given intervention is truly effective and the predictive risk factor assumption is erroneous, the clinical efficacy of the given targeted therapy will only be investigated in a subpopulation instead of the general population (eg, all comers). Therefore, an all-comers design strategy instead of the enrichment trial design strategy used in umbrella trials may be better if the predictive risk factor assumption is erroneous, because the all-comers strategy would have found the intervention to be effective for the entire general disease population.
If the predictive risk factor assumption is valid (or reasonable), the basket and umbrella trial designs would be more favorable than the all-comers designs. The sample size requirements for a given treatment effect size will be similar between the enrichment and all-comers design approaches. However, recruitment will be more favorable for basket trials that can recruit from pools of patients with multiple diseases; conversely, it may be difficult to recruit patients for umbrella trials given that recruitment can only be done from a subset of one patient disease pool.
Randomization: Predictive Versus Prognostic Factors
Predictive risk factors refer to patient characteristics that are associated with their response (or lack of response) to a particular intervention. 69, 70 Predictive risk factors are used in both basket and umbrella trials to inform their targeted intervention strategies. Prognostic factors, conversely, refer to patient characteristics that affect the clinical outcome independent of the intervention. 69 , 70 The patient's clinical outcome is determined by their prognostic risk factors, regardless whether they were treated or not, so it is important to distinguish between predictive and prognostic risk factors when assessing intervention utility. However, in basket and umbrella trials that do not use randomization, it may be difficult to determine whether the biomarker used for a given intervention strategy is a predictive factor or a prognostic factor.
Randomization removes selection bias and tends to produce groups that are comparable in terms of both measurable and unmeasurable factors. 71 Randomization therefore helps to ascribe the observed difference in the treatment effects to the interventions that are being compared in a given trial, allowing for the establishment of causality. 71, 72 In single-arm basket and umbrella trials, it can be difficult to differentiate between predictive and prognostic factors. For instance, the clinical efficacy of a given experimental intervention may be overestimated in single-arm basket trials with a unifying risk factor that has a favorable prognosis. Similarly, in umbrella trials, the subgroup arm(s) with a favorable prognostic risk factor may result in overestimated VOLUME 0 | NUMBER 0 | MONTH 2020 treatment effects. Conversely, if an unfavorable prognostic risk factor is used as the predictive intervention strategy, the treatment effects may be underestimated in both basket and umbrella trials. In these trials, randomization can help determine whether the risk factors being used as part of the targeted intervention strategies are indeed predictive, because randomization can help achieve a balance of measurable and unmeasurable prognostic factors between the experimental and control groups.
If randomization is not feasible, it may be possible to make statistical adjustments to ameliorate potential biases and imbalances to differentiate predictive risk factors versus prognostic risk factors. However, statistical adjustments are difficult in smaller data sets, so even adjusted analyses cannot lead to unbiased estimates if the sample size is small. 73 Even if there is adequate sample size, it is important to note that statistical adjustments can only account for measurable factors. Thus the use of randomization is generally preferable.
Bias Assessment of Basket and Umbrella Trials
Currently, there is no existing risk-of-bias assessment tool that is specific for basket and umbrella trials. As these trials may be conducted with randomized or nonrandomized trial designs, the readers can use 2 of Cochrane's existing risk-of-bias assessment tools: Cochrane's revised risk of bias assessment tool (RoB 2) 74 and risk of bias in nonrandomized studies of interventions (ROBINS-I). 75 The RoB 2 tool, which is intended for bias assessment of individually randomized clinical trials, covers important bias domains of randomization, deviation from intended interventions, missing outcome, measurement of outcome, and selective reporting. 74 The ROBINS-1 tool, which has been developed for bias assessment of nonrandomized intervention studies, covers similar bias domains as the RoB 2 tool (ie, deviation of intended interventions, missing outcome, measurement of outcome, and selective reporting) and 3 additional bias domains: confounding prognostic variables, selection of participants, and misclassification of interventions that are related and unrelated to the outcome. 75 Table 3 outlines important additional points that the readers should consider for basket and umbrella trial publications. For instance, as it is important to consider the accuracy of biomarker assays, the readers should consider the assay's accuracy for possible misclassification of targeted interventions for randomized basket or umbrella trials, even if the available bias assessment tools do not specifically cover this bias domain.
Conclusion
Methodological advancements in basket and umbrella trials will help catalyze the adoption of precision medicine and oncology into clinical practice. This primer on basket and umbrella trials outlines key characteristics and examples of basket and umbrella trials as well as several important considerations that need to be made for these clinical trials in terms of biological plausibility, biomarker test accuracy and prevalence, sample sizes, and predictive or prognostic significance of the biomarker used for the targeted intervention strategies. This primer can also be used by clinical readers to critically evaluate future publications on basket and umbrella trials. Because increasing numbers of basket and umbrella trials will continue to be published, the current review serves to improve the general scientific literacy regarding these clinical trial designs. ■
